
Proc. Natl. Acad. Sci. USA
Vol. 96, pp. 349–354, January 1999
Biochemistry

Tissue-specific and developmental stage-specific DNA binding by
a mammalian SWIySNF complex associated with human
fetal-to-adult globin gene switching

(chromatin remodelingygene regulation)

DAVID O’NEILL*, JOHN YANG†, HEDIYE ERDJUMENT-BROMAGE‡, KATHERINE BORNSCHLEGEL†, PAUL TEMPST‡,
AND ARTHUR BANK†§¶

Departments of *Pathology, †Genetics and Development, and §Medicine, Columbia University College of Physicians and Surgeons, 701 West 168th Street,
New York, NY 10032; and ‡Molecular Biology Program, Memorial Sloan-Kettering Cancer Center, New York, NY 10021

Communicated by Richard Axel, Columbia University, New York, NY, November 20, 1998 (received for review October 9, 1998)

ABSTRACT SWIySNF complexes in yeast and higher
eukaryotes are thought to facilitate gene activation and tran-
scription factor binding by disrupting repressive chromatin
structures. Little is known, however, about how these com-
plexes target specific genes for activation. We now have
purified a specialized SWIySNF-related complex (PYR com-
plex) from murine erythroleukemia (MEL) cell nuclear ex-
tract that binds pyrimidine-rich elements at the human and
murine b-globin loci. PYR complex DNA-binding activity is
restricted to definitive hematopoietic cells and is both DNA
sequence- and length-dependent. Mass spectrometric identi-
fication of purified peptides and antibody supershift assays
indicate that PYR complex contains at least four known
mammalian SWIySNF subunits: BAF57, INI1, BAF60a, and
BAF170. PYR complex broadly footprints a 250-bp pyrimi-
dine-rich element between the human fetal and adult b-globin
genes. A short intergenic deletion that removes this element
from a human globin locus cosmid construct results in
delayed human fetal-to-adult globin gene switching in trans-
genic mice. Taken together, the data suggest that PYR complex
may act through this intergenic element to facilitate human
fetal-to-adult globin gene switching, presumably by opening
the locus in the region of the adult genes to permit the binding
of b-globin transcriptional activators.

The human b-globin locus is comprised of embryonic («), fetal
(Gg and Ag), and adult (d and b) genes arranged in the
developmental order of their expression downstream of a
powerful tissue-specific enhancer, the locus control region
(LCR, Fig. 1A). Expression of the b-globin-like genes is
characterized by two developmental ‘‘switches,’’ first from «-
to g-globin expression in early fetal life, then from g- to d- and
b-globin expression just after birth (1, 2). Although a number
of erythroid- and hematopoietic cell-specific DNA-binding
factors have been described that are known to function in the
transcriptional activation of the locus, there is no evidence for
an individual factor that controls switching (2, 3). GATA-1 and
NF-E2, critical factors required for erythroid cell development
and differentiation, are present at relatively constant levels
throughout blood cell development and appear to function as
general activators of globin gene transcription (2, 3). EKLF, a
factor that specifically activates the b-globin gene, also is
expressed throughout hematopoiesis but is unable to exert its
effect on the b-globin gene in embryonic and fetal cells (4–7).
This finding suggests that a level of control exists for the locus
beyond that of the presence or absence of transcription factors.

It has been proposed that transcriptional control at the level
of chromatin structure may be an important component of
globin gene switching (8, 9). The control of higher-order
chromatin structure is a well-established mechanism for the
regulation of a number of gene loci and is probably critical in
the regulation of sets of genes that require very tight ‘‘all-or-
none’’ expression between different tissues (8, 10). Develop-
mental regulation of the Drosophila homeotic genes, which,
analogous to the globin genes, are organized in their spatial
order of expression, is tightly controlled at the level of chro-
matin structure. Homeotic gene silencing is maintained by
Polycomb group (PcG) proteins, which form closed chromatin
complexes that maintain stable, heritable states of transcrip-
tional repression in the locus (11, 12). Homeotic gene activa-
tion requires trithorax group (trxG) proteins such as
BRAHMA, which act as components of large protein com-
plexes homologous to yeast SWIySNF to disrupt chromatin-
mediated transcriptional repression and facilitate the binding
of transcription factors (11, 13). Homologues to PcG and trxG
proteins and the yeast SWIySNF complex recently have been
shown to exist in mammalian cells (14).

There is evidence that the mammalian globin genes may be
controlled by similar mechanisms (8). In mouse embryonic
erythroblast-murine erythroleukemia (MEL) cell hybrids, a
heritable state of b-globin silencing similar to Polycomb
group-mediated repression has been described (15). In addi-
tion, naturally occurring mutations in the ATRX (XH2) gene,
which is structurally similar to Drosophila brahma and yeast
SNF2, are associated with a form of a-thalassemia in which the
structure of the a-globin locus itself is normal (16). Thus, the
inherited lack of a trans-activator protein that is very likely a
mammalian SWIySNF complex subunit is associated with loss
of a-globin expression.

We previously have reported a DNA-binding activity re-
stricted to adult hematopoietic cells (PYR factor) that recog-
nizes a long pyrimidine-rich sequence between the human fetal
and adult b-globin-like genes (Fig. 1C) (17). PYR factor
activity is abundant in adult erythroid (MEL), myeloid
(HL60), T- and B-lymphoid (EL4, CEM, and Daudi), and
megakaryocytic (CMK) cell lines. It is only very faintly present
in embryonic-fetal erythroid (K562) cells and is absent in
nonhematopoietic cell lines (HeLa, 3T3, and COS). More
importantly, there is only very weak PYR factor activity in
nuclear extracts from embryonic day 11 (E11) mouse yolk sac
(a primitive hematopoietic tissue, expressing primarily mouse
embryonic globin), but strong PYR factor activity in E14
mouse fetal liver (a definitive hematopoietic tissue, expressing
only adult globin) that is not found in adult liver (17). We now
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have purified PYR factor from MEL cell nuclear extract and
show that it is a large protein complex (PYR complex) that
contains at least four known mammalian SWIySNF complex
subunits. PYR complex binds specifically to pyrimidine-rich
DNA sequences in a DNA length- and sequence-dependent
manner, suggesting that it recognizes both DNA sequence and
structure. In addition, deletion of a short intergenic element
containing the PYR complex binding site from a human
b-globin locus construct delays human g-to-b globin gene
switching in transgenic mice. Taken together, the data suggest
that PYR complex acts through this intergenic element to
facilitate fetal-to-adult globin gene switching, most likely
through an effect on higher-order chromatin structure.

MATERIALS AND METHODS

DNA Binding Studies. MEL cells (GM00086E) were ob-
tained from the National Institute of General Medical Sciences
Cell Repository, Camden, NJ. Nuclear extracts were prepared
as described (17, 18). Gel shift assays were performed as
described (17, 19) and electophoresed on nondenaturing 4%
polyacrylamide gels. For supershift assays, crude nuclear
extract or purified fractions were incubated with 1–2 ml of
undiluted antibody for 1–2 hr before the addition of DNA
probe. Antibodies were obtained commercially (RbAp46y48,
GeneTex, San Antonio, TX; HMGI(Y), Santa Cruz Biotechnol-
ogy), and from Gerald Crabtree (Stanford University, Stanford,
CA; BAF57, BAF60a, BAF155, and BAF170) and Ganjam
Kalpana (Albert Einstein Medical College, Bronx, NY; INI1
PB3). Supershift assays were electrophoresed on 3.9% poly-
acrylamide gels. Probes and competitor DNAs (sense strand
shown) used are: d99, CCTCCATCCCTTCCATCCTCTCT-
CTTCCCCTCTTCCTTCCTTCCTTTCTCCATTTCTTCCT-
CCTCTTTCCCTCAATCCTTCCTTTTGGATATGCTCA-
TG; d60, GATCCTCTCTCTTCCCCTCTTCCTTCCTTCCTT-
TCTCCATTTCTTCCTCCTCTTTCCCTC; d60ym, GATCCT-

CTCTCTTCCCCTCTTCCTTCCTTCCTTTCCTTATTTCT-
TCCTCCTCTTTCCCTC; d46, TTCCATCCTCTCTCTTCCC-
CTCTTCCTTCCTTCCTTTCTCCATTTC; d49, GATCCCT-
CTTCCTTCCTTCCTTTCTCCATTTCTTCCTCCTCTTT-
CCCTG; and YY1, ACGTCGCTCCGCGGCCATCTTGGCG-
GCTGGT.

Purification of PYR Complex. PYR complex was purified
from approximately 800 mg of MEL crude nuclear extract in
five chromatographic steps (Fig. 2). Column fractions from
each step were assayed for PYR complex DNA-binding activ-
ity by using gel shift assays with a radiolabeled 60-bp double-
stranded oligonucleotide, (d60ym, see above) derived from the
PYR complex binding site that has a mutation in a YY1
recognition sequence also present at that site. Fractions con-
taining peak activity were pooled and concentrated overnight
in Centriplus or Centricon centrifugal concentrators (Amicon)
to preserve PYR complex activity, which is lost if the samples
become too diluted. To construct the DNA affinity column
used for the final step, approximately 400 mg of double-
stranded d60ym oligonucleotide was coupled to Sepharose
CL-2B as described (20). Peak activity off the affinity column
was pooled and precipitated with trichloroacetic acid, electro-
phoresed on a 4–15% SDS polyacrylamide gel, and electro-
blotted onto a nitrocellulose membrane.

Mass Spectrometric Analysis of Proteolytic Peptides. Bands
were processed for internal sequence analysis as described
(21). The tryptic peptide mixture then was partially fraction-
ated on a Poros 50 R2 RP-microtip (22), and resulting peptide
pools were analyzed by matrix-assisted laser desorption ion-
ization (MALDI) reflectron time-of-f light (reTOF) MS, using
a REFLEX III instrument (Bruker-Franzen, Bremen, Ger-
many). Electrospray ionization (ESI) MS was done on an API
300 triple quadrupole instrument (PE-SCIEX, Thornhill, Can-
ada), modified with an injection adaptable fine ionization
source as described (23). Selected mass values from the
MALDI–reTOF experiments were taken to search a protein
nonredundant database (EBI, Hinxton, UK) using the PEP-
TIDESEARCH (24) algorithm. MSyMS spectra from the ESI
triple quadrupole analyses were inspected for y0 ion series and
the resultant information transferred to the SEQUENCETAG
(25) program and used as a search string. Any protein iden-
tification thus obtained was verified by comparing the com-
puter-generated fragment ion series of the predicted tryptic
peptide with the experimental MSyMS data.

Analysis of Human b-Globin Locus Constructs in Trans-
genic Mice. The 32-kb wild-type (wt) mini-locus (26) is prop-
agated as a cosmid, pHC79-mLCRAgcbdb (pHC79-wt). The
mutant cosmid (pHC79-D) was constructed by digesting
pHC79-wt with AgeI and SalI, which removes a 1.4-kb frag-
ment from the Ag-d intergenic region, and subcloning the
AgeI–SalI fragment into an AgeI–SalI-digested pUC-19 plas-
mid modified to contain an AgeI site between its BamHI and
EcoRI sites. The resulting plasmid was digested with BsaBI
and BsmI to remove the 511-bp region containing the pyrim-
idine-rich sequence and PYR complex binding site, blunt-
ended with T4 DNA polymerase, and religated. The insert
(now 886 bp) then was excised with AgeI and SalI and ligated
back into AgeI–SalI-digested pHC79-wt.

Cosmid inserts were excised with NotI and KpnI, purified by
sucrose gradient centrifugation, and used to create transgenic
mice as described (27). One line of mice carrying wt (wt33) and
three lines carrying D (D23, D27, and D32) were established. A
second line of wt transgenics (wt1) was generously supplied by
George Stamatoyannopoulos (University of Washington, Se-
attle). Transgene copy number for each line was determined by
PhosphorImager quantitation of DNA dot blots. The wt1 and
D27 lines carry three transgene copies, D32 and D23 one
transgene copy, and wt33 50 transgene copies per haploid
genome. All lines were mapped by Southern blot (26) and PCR
to ensure that the transgenic constructs were intact. wt mice

FIG. 1. Maps of the human b-globin locus, DNA constructs, and
the PYR factor binding site upstream of the d-globin gene. (A) The
human b-globin locus on chromosome 11. The LCR is characterized
by four erythroid-specific DNase I hypersensitive sites (arrows) up-
stream of the embryonic « gene. There are duplicated fetal genes (Gg
and Ag), a pseudogene (cb), and two adult genes (d and b). The
vertical line upstream of Ag marks a HindIII site. (B) Map of the
mLCRAgcbdb (wt) mini-locus construct used in transgenic mice. It
consists of a 2.5-kb cassette containing each of the four LCR DNase
I hypersensitive sites (mLCR) linked to a 29-kb HindIII–KpnI restric-
tion fragment containing the Ag through b genes. Vertical lines
upstream of the d gene delineate the 511-bp BsaBI–BsmI restriction
fragment removed from the construct to create mLCRAgcbdb-D (D).
(C) Expanded view of the deleted BsaBI–BsmI fragment showing the
long pyrimidine-rich domain (rectangle YzR) and the region foot-
printed by PYR factor. The segment from the BsaBI site to a Sau3AI
site (S) has been analyzed for transcription factor binding sites by
DNase I footprinting.
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were distinguished from D mice by Southern blot of EcoRI-
digested genomic DNA using a 1.9-kb PstI–EcoRI upstream
d-globin probe (2.3-kb band in wt mice, 5.0-kb band in D mice).
The 59 and 39 ends of the mini-locus were assayed for by PCR
using primer sets for LCR HS4 (GGTGGACTCCA-
GAGACTCTC and GCCAGTCAATGAGTCTCAGGT,
425-bp PCR product) and for a KpnI repeat downstream of the
human b-globin gene (CGGTGGCTCACACCTGCAAT and
CGTCACTCACGATGGGAGCT, 365-bp product).

Hemizygous transgenic offspring were sacrificed at time
points from E11.5 to 10 days after birth. Total RNA was
prepared from hematopoietic tissues (micro RNA kit, Strat-
agene), and primer extensions were performed as described
(28), using a mixture of four end-labeled primers complemen-
tary to human b-globin (CCACAGGGCAGTAACGGCAG-
A), human g-globin (CCAGCATCTTCCACATTCACC),
mouse bh1-globin (ATAGCTGCCTTCTCCTCAGCT), and
mouse b major (bmaj) globin (TGATGTCTGTTTCTGGGG-
TTGTG). Reactions were electrophoresed on 6% polyacryl-
amide sequencing gels, and signals were quantitated on a
Molecular Dynamics PhosphorImager.

RESULTS AND DISCUSSION

PYR Factor Is a SWIySNF-Related Complex (PYR Com-
plex). PYR factor was determined to have a native molecular
mass of approximately 800 kDa by gel filtration chromatog-
raphy on Sephacryl S300 and Superose 6 (Amersham Phar-
macia; data not shown). UV crosslinking and deoxycholate
dissociation experiments indicated that PYR factor is a mul-
tisubunit complex (PYR complex) with a 60- to 70-kDa
DNA-binding subunit (not shown). To identify its subunits, we
purified PYR complex from MEL cell nuclear extract in five
chromatographic steps (Fig. 2 A): High Q and High S Macro-

Prep (Bio-Rad), Reactive Yellow 3 agarose (Sigma), double-
stranded calf thymus DNA cellulose (Sigma), and a sequence-
specific DNA-affinity column (d60ym-Sepharose). PYR com-
plex activity was monitored in column fractions by gel shift
assay using radiolabeled d60ym probe.

Analysis of fractions from the final two purification steps is
shown in Fig. 2B. Aliquots from each fraction were tested for
PYR complex activity by gel shift assay (Upper) and analyzed
for purity by silver-stained SDSyPAGE (Lower). Two bands
are seen in the gel shift assay of the d60ym affinity column
fractions (Upper Right). The higher-mobility band (peak in
fraction 6) that binds the d60ym column less tightly (elutes at
lower salt) represents partially dissociated PYR complex. The
lower mobility band, which represents the complete complex,
peaks in fraction 8. Fractions containing the complete complex
(fractions 7–9) were pooled, trichloroacetic acid-precipitated,
electrophoresed on an SDS gel, and blotted onto a nitrocel-
lulose membrane that was used for mass analysis.

Approximately 26 bands were detected on this membrane
for identification. Initial experiments focused on the charac-
terization of three bands with approximate molecular masses
of 48, 55, and 150 kDa (Fig. 2B, arrows). Two independent
mass spectrometric techniques, peptide mass fingerprinting
using matrix-assisted laser desorption ionization–reflectron
time-of-f light mass spectrometry and SEQUENCETAG database
searching using limited amino acid sequence data obtained by
electrospray ionization tandem mass spectrometry, were used
to identify the 48-, 55-, and 150-kDa proteins as, respectively,
INI1, BAF57, and BAF155, all known mammalian SWIySNF
complex subunits (29–31). Also identified in band p55 was
RbAp46, a known component of a histone deacetylase com-
plex (32, 33). To determine whether these proteins were
components of PYR complex or whether they had simply
copurified with it, we tested the ability of antibodies to each of

FIG. 2. Purification of PYR complex from MEL nuclear extract. (A) Purification scheme. PYR complex was purified from 800 mg of MEL crude
nuclear extract in five chromatographic steps, using continuous NaCl gradients (diagonal lines) to elute PYR complex activity from each column.
(B) Analysis of fractions from the final two purification steps by gel shift assay (Upper) and silver-stained 7.5% SDSyPAGE (Lower). Fractions
from the double-stranded DNA (dsDNA) cellulose column containing peak PYR complex activity (fractions 6–8, Left) were pooled and applied
to a 1-ml d60ym DNA-affinity column. High molecular weight PYR complex activity peaks off the affinity column in fraction 8 (Right), with a low
molecular weight d60ym-binding activity, most probably a smaller subunit of PYR complex that still retains DNA-binding activity, eluting in earlier
fractions (peak in fraction 6). Bands with approximate molecular masses of 48, 55, and 150 kDa (p48, p55, and p150, arrows) from pooled fractions
7–9 subsequently were identified as SWIySNF complex subunits INI1 (p48) BAF57 (p55), and BAF155 (p150) by mass spectrometric analysis.
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them to interact with PYR complex in gel supershift assays
(Fig. 3). Strong supershifts are seen with antibodies to INI1
and BAF57, indicating that these are PYR complex subunits.
No clear supershifts are seen when using antibodies to BAF155
or RbAp46, so we cannot confirm their presence in the
complex. However, because it is possible that the epitopes
recognized by these antibodies may be inaccessible because of
the presence of other complex subunits, we also cannot rule
out the possibility that PYR complex might contain BAF155
or RbAp46 when using this assay.

Antibodies to other known mammalian SWIySNF compo-
nents also were tested to determine whether PYR complex
contains additional SWIySNF subunits (Fig. 3). We see strong
reactivity with anti-BAF60a antibody and a clear but weaker
supershift with anti-BAF170. No clear supershift is seen with
anti-BRG1. A number of antibodies to proteins that have not
been associated with SWIySNF complexes also have been
tested, including antibodies to YY1, GATA-1, NF-E2, and
EKLF, and have given negative results to date (data not
shown). These experiments indicate that PYR complex con-
tains at least four known SWIySNF subunits, BAF57, INI1,
BAF60a, and BAF170, identifying it as a mammalian
SWIySNF complex.

SWIySNF in yeast is a very large (2,000 kDa) complex of 11
protein subunits that is thought to facilitate the activation of
genes through nucleosome displacement and the disruption of
repressive chromatin structures (34, 35). Genes encoding the
various subunits of SWIySNF are highly conserved in eu-
karyotes, with homologues in Drosophila, avian, and mamma-
lian cells (11, 34, 36, 37). SWIySNF complexes have been
purified from mammalian cells, and like those in yeast, have
the ability to disrupt nucleosomes in an ATP-dependent
manner (30, 38). It has been shown that mammalian SWIySNF
complexes vary considerably between different cell types, both

in the number and the identity of their subunits, and multiple
forms have even been shown to exist within individual cells (30,
37). Presumably, this diversity leads to specialization of func-
tion. PYR complex is a unique example of a SWIySNF-related
complex that binds DNA in a tissue- and developmental
stage-specific manner. We do not as yet know the mechanism
of this specificity, but it may be the result of restricted
expression of one or more PYR complex subunits in definitive
hematopoietic cells.

PYR Complex DNA Binding Depends on Both DNA Length
and Sequence. SWIySNF-related complexes are not known to
bind DNA in a sequence-specific manner. To better define the
binding activity of PYR complex, we constructed a series of
mutant probes and competitor DNAs derived from a 99-bp
binding site, d99, described previously (17). A series of linker
scanning mutants, mutated near the center of d99 in the region
of a strongly footprinted TTCC repeat, retain full binding
affinity for PYR complex (data not shown). Truncation mu-
tants of d99 result in a gradual decrease in affinity for PYR
complex as the probe is progressively shortened from either
end, indicating that PYR complex binding is DNA length-
dependent (not shown). This finding is a characteristic de-
scribed for yeast SWIySNF and high mobility group (HMG)
proteins, and suggests that PYR complex recognizes a DNA
structure (39–41).

These results also could indicate that PYR complex might
simply bind DNA nonspecifically, recognizing any piece of
DNA longer than 80 bp. This possibility is not the case,
however, because random sequence DNA of similar length to
d99 (from the pBluescript II multicloning site) competes very
poorly for the binding of PYR complex in gel shift assays (Fig.
4). Similar results have been obtained with other random DNA
sequences (not shown) and indicate that PYR complex spe-
cifically recognizes pyrimidine-rich DNA. When double-
stranded 46- and 49-bp oligonucleotides derived from d99 (d46
and d49, Fig. 4) are used as competitor, d49 clearly shows
higher affinity for PYR complex than d46, suggesting that PYR
complex prefers some pyrimidine-rich sequences to others.

FIG. 3. PYR complex contains at least four known mammalian
SWIySNF subunits. Gel supershift assay using MEL nuclear extract
and labeled d60ym DNA as probe. Nuclear extract was preincubated
for 1 hr at room temperature with antibodies to known SWIySNF
complex subunits (lanes 2–7) and other nuclear factors, two of which
are shown (lanes 8 and 9). Strong supershifts are seen with anti-
BAF57, anti-INI1, and anti-BAF60a antibodies, with a weaker super-
shift using antibody to BAF170. No clear supershift is seen with
anti-BRG1, anti-BAF155, anti-HMG I(Y), or anti-RbAp46.

FIG. 4. PYR complex specifically binds pyrimidine-rich DNA
sequences. Lanes 1–8, competition gel shift assay, d99 probe, and MEL
nuclear extract. Preincubation with increasing amounts of unlabeled
d99 (lanes 2–4) or 105-bp pBluescript II multicloning site (MCS, lanes
6–8) shows that PYR complex DNA-binding depends on DNA
sequence. Lanes 9–12, competition gel shift assay, d99 probe, and
MEL nuclear extract. Overlapping oligonucleotide competitors (d46
and d49) from the center of d99 have different affinities for PYR
complex, with d49 competing for PYR complex binding more strongly
than d46. Lanes 13–16, a 60-bp probe (d60) from the center of d99
binds PYR complex almost as well as d99. A 100-fold molar excess of
unlabeled d99 competes all PYR complex binding to d60 probe,
whereas a 100-fold molar excess of unlabeled d60 competes well but
not completely.
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PYR complex similarly binds other pyrimidine-rich sequences
in the human and murine b-globin loci: at the exon 1-intron 1
junction of both human g-globin genes and at a long poly-
pyrimide sequence 2.5 kb upstream of the murine bmaj-globin
gene (data not shown).

The binding of PYR complex to specific pyrimidine-rich
DNA sequences is a unique example of a sequence require-
ment for the assembly of a SWIySNF complex on DNA. This
finding relates to a fundamental question about SWIySNF
complexes: the mechanism by which they target specific genes
for activation. It has been proposed that they are either
recruited by sequence-specific transcription factors (42), bind
directly to the RNA polymerase II holoenzyme (43), or have
their own intrinsic DNA-binding activity (41). Our results
indicate that at least some SWIySNF-related complexes can
target specific DNA sequences on their own by recognizing a
combination of DNA sequence and structure.

A Short Intergenic Deletion Including the PYR Complex
Binding Site Delays Human Fetal-to-Adult Globin Gene
Switching in Transgenic Mice. The developmental stage-
specific pattern of PYR complex DNA-binding activity, the
location of its binding sites in the human and murine b-globin
loci, and its identity as a SWIySNF-related complex suggest
that PYR complex might function in the regulation of hemo-
globin switching. In an initial attempt to define whether such
a function exists for PYR complex, we examined the effect of
deleting its intergenic binding site, 1 kb upstream of the
d-globin gene, on human fetal-to-adult globin gene switching
in transgenic mice. We used a human b-globin mini-locus
construct, mLCRAgcbdb (wt), that contains a condensed
version of the LCR (mLCR) linked to a 29-kb HindIII–KpnI
fragment containing the Ag through b genes (Fig. 1B). Because
PYR complex broadly footprints the 250-bp pyrimidine-rich
sequence upstream of the d gene, we removed this entire
sequence by deleting a 511-bp BsaBI–BsmI fragment from the
wt mini-locus (Fig. 1B). This deletion also removes binding
sites for two known transcription factors, YY1 and GATA-1,
which are within the pyrimidine-rich region of interest (17).
The deletion construct, D, has greater than 98% identity to wt.

Mice carrying the wt mini-locus previously have been shown
to switch from human g- to b-globin expression during fetal
liver erythropoiesis, with the midpoint of the switch, defined
as the point of equal g and b expression, occurring reproduc-
ibly at or near E14 (26). Using a primer extension assay, we see
a marked delay in the g-to-b switch in all three D lines, with
g 5 b at E13.5 and E14 for the two wt lines but at E17.5, E18,
and E18.5 for the three D lines (Fig. 5A). Differences between
wt and D mice are evident as early as E13.5, peaking at E17.5
and persisting at the time of birth. The ratio of human g- to
b-globin expression at each time point is very consistent for
lines carrying the same construct, irrespective of position of
integration or copy number, with the delay in the switch
reproducibly seen after analyzing more than 100 mice from
multiple separate litters (Fig. 5B). The deleted lines eventually
complete the switch, although D23 mice show a persistently
high percentage of g-globin expression as late as E30.5. We
also examined the effect of the deletion on the absolute levels
of human g and b expression, normalized to the level of
endogenous mouse b-globin (bh1 plus bmaj), to determine
whether the delayed switch is caused by impaired g gene
silencing, impaired b gene activation, or both. There is pri-
marily a delay in b gene activation in D23 mice, whereas the
delayed switch in D27 mice mostly is caused by impaired g gene
silencing, and a nearly equal combination of the two is seen in
D32 mice (data not shown). Thus, it appears that the site of
chromosomal integration of the transgene has an effect on
whether the g or b gene is primarily affected.

These experiments do not prove that PYR complex per se is
mediating this effect, although PYR complex is the only factor
known to bind this element with a developmental stage-

specific pattern of activity. Much of the deleted element is
footprinted by PYR complex, but it also includes binding sites
for YY1 and GATA-1 (17), and approximately one-fourth of
the deleted DNA has not been mapped by footprinting or gel
shift assay and potentially could bind other protein factors.
Thus, although the data suggest that PYR complex is medi-
ating the observed effect on switching, we cannot rule out the
possibility that factors other than or in addition to PYR
complex also act at this site. The transient nature of the
observed effect suggests that the deleted element is required
to facilitate g-to-b switching, but is not required for switching
to eventually occur. It should be noted, however, that PYR
complex binds elsewhere in the locus, at the very least within
both g-globin genes, and this binding may have a profound
negative effect on g-globin expression that is not addressed in

FIG. 5. Delayed human g-to-b globin gene switching in transgenic
mice after a 511-bp intergenic deletion including the PYR complex
binding site. (A) Primer extension assay of human globin mRNA
expression in wt and D transgenic mice during development. Two lines
of mice carrying the wt construct (wt1 and wt33) and three lines
carrying the D construct (D23, D27, and D32) were analyzed at several
time points during development. Developmental stage is indicated by
embryonic day (E), which is the number of days postcoitus (PC). Birth
is at E19.5. Bands corresponding to primer extension products of
human g- and b-globin mRNA are shown, with two representative
samples for each line at each time point. The midpoint of the
fetal-to-adult switch, defined as the embryonic day at which equal
amounts of human g and b message are being expressed (g 5 b), is
shown for each transgenic line at the right, and is delayed on average
by 4 days in the D lines compared with the wt lines. (B) Summary of
primer extension analysis of more than 100 wt and D transgenic
offspring from five separate lines. Points represent the ratio of human
g- to b-globin mRNA levels, defined as % g globinytotal human globin
[% gy(g1b)]. Each point on the graph represents a separate mouse.
Values for g and b globin mRNA levels were determined by Phos-
phorImager quantitation of primer extension signals. There is a
significant difference in % gy(g1b) between wt and D mice at E13.5
(P , 0.05), E14.5 (P , 0.001), and E17.5 (P , 0.001).
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the deletion construct we have used. Also, it is known that the
distance between the LCR and the human g and b genes can
affect their expression (44, 45). If the deleted element is
required to bring the adult genes closer to the LCR, the
reduced distance between the LCR and the b gene in our
construct compared with the native b-globin locus could
minimize the effect of the deletion in our experiments.

In summary, we describe a specialized SWIySNF-related
complex specific to definitive hematopoietic cells that binds
pyrimidine-rich elements in the human and murine b-globin
loci. This complex is a unique example of tissue-and develop-
mental stage-specific DNA binding by a SWIySNF-related
complex and is a SWIySNF-like complex described to recog-
nize DNA sequence as well as structure. We show that a short
deletion that removes the intergenic PYR complex binding site
from a human b-globin mini-locus construct delays human
fetal-to-adult globin gene switching in transgenic mice. We
propose that PYR complex may function at this site to
facilitate human g-to-b globin switching by disrupting the
chromatin structure of the b-globin locus late in erythroid
development, permitting transcriptional activators such as
EKLF access to the adult genes. It will be of interest to
characterize the complete subunit composition of PYR com-
plex, the mechanism of its tissue- and developmental stage-
specific DNA-binding activity, its architectural effects on DNA
upon binding, and the effect of targeted mutations of genes
that encode its subunits on globin gene expression in mice. We
also hope to define other PYR complex binding sites, both
within the globin loci and near other hematopoietic cell-
specific genes, and to determine in more detail the cis elements
responsible for the delay in g-to-b globin gene switching we
have observed.
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